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ABSTRACT 
Soybean (Glycine max L.) seed yield, composition, and quality can be 
negatively affected by environmental stresses during the growing season and 
harvest. The central hypothesis of this thesis is that soybean seed testing 
techniques, i.e. testing media, need to be adjusted for seed moisture content, 
production environment, and seed composition, as these factors alter the measured 
germination in laboratory tests. 
Water and nutrient deficit during pod filling usually lead to poor yields by 
reducing seed set, increasing seed abortion, and reducing seed size. While 
maturation drying and the acquisition of desiccation tolerance are critical 
physiological processes that help orthodox seeds (seeds from species that can be 
stored at low moisture content) survive periods of unfavorable conditions for 
germination, the warm and dry conditions during harvest are can often over-dry 
seeds. Extremely dry seeds experience stresses during imbibition which are likely to 
result in imbibitional damage and seedling abnormalities. The production 
environment can also lead to composition differences within seeds and may play 
important roles in imbibitional injury. Being able to accurately evaluate seed 
germination will be crucial regardless of seed composition, production environment, 
and, inherent genetic differences. Seed analysts must consider soybean seed 
composition and seed moisture, and, their interaction with testing media to avoid 
inconsistent test results within and among seed testing laboratories. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction. 
Soybean (Glycine max. L.} is a highly adaptive and productive large seeded 
legume that can be placed under a wide range of conditions and management 
systems and remain productive (Pedersen and Lauer, 2004x, Pedersen and Lauer, 
2004b}. However, seedbed and environmental conditions can vary from season to 
season and have vast influence on the quantity and quality of the seed produced. 
Water and nutrient deficit during pod filling usually lead to poor yields and quality by 
reducing seed set, increasing seed abortion and reducing seed size (Westgate and 
Grant, 1989). Production of high quality, high yielding seeds is the primary goal for 
seed companies and, therefore, seed quality control is very important. There is a 
need for accurate and efficient seed testing programs in the seed industry. 
Environmental impacts 
Soybean variety development efforts have focused on improving seed 
performance and evaluating the influence of production environment on seed 
constituents. High temperature and drought have decreased seed size, influenced 
seed composition, increased mechanical damage, as well as decreased seed 
moisture at harvest (Dornbos and Mullen, 1991, Smiciklas et al., 1992, Gibson and 
Mullen, 1996x, Gibson and Mullen, 1996b). Environmental conditions can vary from 
season to season and have vast influence on the quantity and quality of the seed 
produced from a given area (Gibson and Mullen, 1996b; Smiciklas et al., 1992). 
Poor yields carp be attributed directly to water and nutrient availability during pod 
filling and flowering, as well as the presence of diseases. Loss of seed coat integrity 
by mechanical damage during harvest should be an important consideration when 
conducting the electrical conductivity tests, storing the seed, and when imbibitional 
injury is suspected. McDonald et al. (1988x) suggests that harvest techniques that 
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minimize physocal damage are of utmost importance to retain seed coat integrity. 
While this concept is not a new one, it is one that must be given consideration when 
using methods for testing seed quality. 
Soybean Cysf l~lematode 
Soybean Cyst Nematode [Heterodera glycihes Ichinohe] or SCN feed on the 
root system of the soybean plants limiting water and nutrient uptake. The SCN can 
also act as a vector for disease, and delay plant maturation. Although SCN have 
been present in Iowa soils since the late 1970's and early 1980's, until recently, they 
have received little attention. Often, the presence of this pest is identified only after 
an economic loss has occurred. Farmers are unaware of a problem until yield 
reduction (up to 30%) is noticed or symptoms such as chlorosis and stunting are 
identified (Avendano et al., 2004). In fact, SCN has become such a problem that 
SCN resistant varieties have been developed to mitigate their negative effect. These 
resistant varieties have been the only practical way to reduce SCN numbers in 
infested field. Typically farmers rotate crops using SCN resistant varieties with 
different resistance sources to minimize yield losses on infested fields. It has been 
established that SCN infestation lowers seed yield (Brocade et al., 1994; Chen et al., 
2001; Gavassoni et al., 2001). While studies have shown that SCN most certainly 
reduce yield, increase plant nutrient deficiency symptoms, as well as increase the 
plant's susceptibility to pathogens, the effects that soils infested with SCN have upon 
seed quality have not been clearly defined or extensively researched. However, 
when considering that they may limit critical nutrient uptake during pollination and 
seed fill, two crucial times defining seed quality, there is probably a detrimental effect 
that has not clearly been defined. 
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Seed Composition 
Soybean seed composition has become a topic of interest in recent years. 
There are industry efforts to produce seed that will yield a more uniform and higher 
quality end product for the consumer. 
Industrial properties and potential food application of the oil are largely 
determined by the ratio and amount of saturated and unsaturated fatty acids. 
Commercial oi0 crops cannot satisfy all requirements of the food industry. Therefore, 
interest in producing modifications in the oil composition of oilseed crops is 
increasing (Rahman, 2003). Stability analysis in Primomo (2002) has demonstrated 
that most genotypes, particularly those with reduced or elevated palmitic, elevated 
oleic, and reduced linolenic acid, can be grown in different environments without 
significantly compromising their fatty acid profile. By contrast, genotypes with 
elevated stearic acid content were shown to be too environmentally sensitive. It is 
still uncertain, however, if these cultivars will perform under today's typical 
environmental production pressure. Will genetic background and varietal differences 
effect germination? 
Walters and Engels (1998) showed that increasing lipid concentrations in 
mungbean and beet seeds increased the seed moisture content needed for long 
term storage. IMunamava et al. (2004) showed that increasing oil content reduced 
germination in maize however seed moisture content was not measured. Increasing 
oil contents increases the hydrophobic nature of seeds and creates a buffer against 
rapid water uptake (Vertucci and Leopold, 1987). Seed composition, then, seem to 
have an impact on water relations within the seeds and may play an important role in 
germination rates. 
It is well known that oils and proteins, two of the most common components in 
oilseeds, have different affinities for water. McDonald et al. (1988b) showed 
differential water uptake by various parts of the seed, suggesting that the embryonic 
axis has a greater water uptake capacity than other parts of the soybean. Welbaum 
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and Bradford, (1990) found that water movement to seed axes, and thus axes 
growth, are restricted by the perisperm and testa. Wolk et al. (1988) proposed that 
imbibitional injury in Phaseolus vulgaris L. originates from the disruption of cell 
membranes and anon—linear relationship between electrolyte-leakage and water 
content. The results from this study suggested that various genetic lines handled 
extreme desiccation (< 0.1 g of HZO per g of fresh weight (fw)) differently. 
Seed Quality Testing 
Seed quality, defined as the standard germination of a seed lot in the 
laboratory, can be significantly affected by harvest techniques, storage conditions, 
as well as the stress the plant endures during seed development and maturation. It 
is, therefore, easy to see why seed quality testing has become an important part of 
the seed industry. 
Laboratory tests in which seeds are germinated and analyzed under ideal 
environmental conditions have become standardized by organizations such as the 
International Seed Testing Association (ISTA) and Association of Official Seed 
Analysts (AOSA}. These organizations place parameters on types of media, amount 
of water in the media, length of test, as well as light and temperature (Association of 
Official Seed Analysts, 2004). These guidelines are useful but do not suggest 
specific methods for dealing with seeds produced from extremely dry areas, as well 
as seeds from the same species with different compositions. Guidelines for dealing 
with those parameters could be useful because seed lots from the same genetic line, 
production area, and harvest time can generate variability when testing in a 
laboratory environment. 
Many researchers have reported significant correlation coefficients between 
field emergence and standard laboratory germination tests, but they have also 
reported inconsistencies and difficulties predicting field emergence (Kolasinska, 
2000). TeKrony et al. (1977) and others suggest that field germination and standard 
laboratory germination tests correlate well and are satisfactory in predicting field 
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performance. However, as Kolasinska et al. (2000) have demonstrated, there are 
inconsistencies in field emergence prediction data among growing seasons, planting 
dates, and seed tests results. Overall, the underlying factor is that testing the seed 
lots with more than one type of seed quality test per season, dependant on 
production environment, can be a better indication of final field emergence. 
Seed moisture content and testing media may affect test results and should 
be carefully monitored and controlled (AOSA, 1983). If the germination test results 
are inconsistent, the seed analysts must retest seed samples in order to attain 
uniform results. Inconsistent test results are especially problematic when testing low 
moisture soybean seed lots. Segebart et al. (2002) and Levan et al. (2004) suggest 
that in order to increase reproducibility of testing procedures, specific water levels, 
media types and quantity as well as temperature and seed moisture variability 
should be kept to a minimum. They also show that there might be a correlation 
between various media types, i.e. crepe cellulose paper, rolled towels, sand, etc., 
and laboratory germination test, especially when testing of extremely dry soybean 
seed lots (less than 0.08g H2O/g of dry weight). 
Uniform water uptake from the environment is a critical factor for even 
distribution of water in plant tissues. This concept becomes especially critical when 
attempting to standardize test conditions for the accurate and simple evaluation of 
seed viability. Water potential of the media in which seeds are imbibed can alter 
germination rates regardless of viability of the seed lot (McDonald et al., 1988b). 
Vertucci and Leopold, (1984) reported that water in seeds at moisture contents 
between 0.08 g of H2O per g of fw and 0.24 g of H2O per g of fw have moderate 
binding forces. Imbibitional injury to seeds within this moisture content range is 
moderate. However, as moisture content decreases, imbibitional injury increases as 
more water becomes bound. These findings suggest that when dry soybeans are 
tested in different media, resu Its can be different based on the differences in water 
uptake. With some types of testing media, such as crepe cellulose paper, the seeds 
absorb water from only one side, while the other side of the seed is exposed to the 
air. Other types of media, such as rolled towels and crepe cellulose paper covered 
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with sand, provide uniform water supply as the seed is completely surrounded by the 
media. 
imbibitional Injury 
Maturation drying and the acquisition of desiccation tolerance are critical 
processes that prepare orthodox seeds (seeds from species that can be stored in a 
state of low moisture) to survive unfavorable periods for germination. While warm 
and dry conditions during harvest are ideal weather conditions for these processes 
to take place, drought and especially overly dried seeds can become a problem for 
seed producers and seed testing laboratories. Extremely dry seeds, for example, 
experience stresses during imbibition which are likely to result in imbibitional 
damage and seedling abnormalities (Senaratna and McKersie, 1983; and Wolk et 
al., 1988). Wolk et al. (1988) define a concept known as the "critical initial moisture 
content" in Phaseolus vulgaris L. The "critical initial moisture content" in seed is 
defines as the moisture level below which the standard germination percentage of 
the seed will decrease severely. Vertucci and Leopold (1984) also describe a similar 
phenomenon in soybean where at 8% seed moisture content or below, the 
abnormalities associated with imbibitional injury drastically increase. The decline in 
germination percentage of seeds desiccated below 8% moisture content follows a 
negative linear function. Ellis et al. (1990) also show that extreme desiccation has a 
significant effect on germination (i.e. the proportion of seeds capable of producing 
morphologically normal seedlings). Seed imbibitional injury can cause physical 
shearing of seed structures, prevent cellular expansion (Vertucci and Leopold, 1983; 
Willing and Leopold, 1983), and possibly delay critical protein formation during 
imbibition (Senaratna and McKersie, 1983}. Two important factors affecting the 
incidence of imbibitional injury are the temperature and the rate at which water 
enters the seed. Injury symptoms increase in dry seeds exposed to low 
temperatures during imbibition (Vertucci, 1989; Willing and Leopold, 1980). Vertucci 
and Leopold (1983) show that the rate of water uptake by seed tissues during the 
initial phase of imbibition is rapid; and the very early rate of uptake may play an 
important role in imbibitional injury. 
Water movement into the cells is essential for cell growth and cell expansion 
during seed germination, as well as for other types of plant growth. Seed rate of 
growth and cell expansion are determined by water potential within the seed, the 
hydraulic conductance of the seed tissue, and the water potential of the external 
media (Bradford, 1990). Uniform water uptake by the seed is necessary to avoid 
imbibitional injury in the germination tests. Finding the link between the rate and 
uniformity of water uptake, and the percentage of abnormal seedlings in a 
germination test are essential to the standardization of seed germination testing 
results. 
There is a need for testing procedures that will provide growers an accurate 
forecast of how a particular seed lot will perform in the field. A study of how seed 
composition, seed testing media, seed moisture, genetic background, and their 
complex interactions affect seed quality is critical. Determining the appropriate 
testing media to accurately measure seed quality in low moisture content seed lots 
grown on SCN infested and non-infested fields, would be very valuable to the seed 
testing community 
Thesis Organization 
This thesis includes two manuscripts that were written for publication in 
scientific journals. Chapter 2 describes comparisons of soybean seed quality of 
seeds grown in Soybean Cyst Nematode (Heterodera glycines Ichinohe) infested 
and non —infested fields to be submitted to Crop Science. Chapter 3 presents a 
unique look at soybean seed testing techniques to evaluate differences in varieties, 
testing media, seed moisture content, as well as seed composition in an effort to 
clarify the procedure for standard germination testing in soybeans. This manuscript 
will also be submitted to Crop Science. The references are cited individually for the 
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CHAPTER 2. EFFECT OF THE PRODUCTION 
ENVIRONMENT ON SOYBEAN STANDARD GERMINATION 
TESTS 
A paper to be submitted for publication 
Nathan A. Levan, A. Susana Goggi, and Russell Mullen 
Introduction 
Soybean (Glycine max L.) seed yield and quality can be negatively affected 
by environmental stress during the growing season. (Gibson and Mullen, 1996; 
Smiciklas, 1992). Water and nutrient deficit during pod filling usually lead to poor 
yields by reducing seed set, increasing seed abortion, and reducing seed weight 
(Westgate and Grant, 1989). Seed quality, defined as the standard laboratory 
germination of a seed lot, can be significantly affected by harvest techniques, 
storage conditions, as well as the stress the plant endures during seed development 
and maturation. 
Seed moisture content can greatly affect soybean seed quality. Seed 
scientists once thought that "the drier the seed the better" (Walters and Engels, 
1998). They believed that drying seed to the lowest moisture content possible was 
the best method for storing seed. Most seed storage equations developed in the 
1950's and 1960's were based on this principle. Recent investigations into the long-
term viability of seed showed that individual seeds have a finite life span and that 
over-drying seeds did not enhance or prolong seed life (Walters and Engels, 1998). 
Research also demonstrated that orthodox seeds (species that can be dried to low 
moisture content) undergo a desiccation process as they mature. This process of 
acquisition of desiccation tolerance provides orthodox seeds with a natural 
mechanism for surviving unfavorable periods for germination. However, seeds at 
very low moisture can be injured during the early stages of imbibition due to 
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disruption of cell membranes (Priestly and Leopold, 1980, Tully et al., 1981, 
Senaratna and McKersie, 1983, Wolk et al., 1989). Imbibitional injury reduces seed 
germination and increases the number of abnormal seedlings in the germination test 
(AO SA, 2 0 04) . 
Soybean cyst nematode [Heteradera glycines Ichinohe] or SCN, limit water 
and nutrient uptake of soybean plants (Endo, 1992). The SCN can also act as a 
vector for disease, and delay plant maturation. Although SCN have been present in 
Iowa soils since the late 1970's and early 1980's, they have received little attention 
until recently. Often, the presence of this pest is identified only after an economic 
loss has occurred (Nutter et al., 2001). Farmers are unaware of a problem until 
yield reduction occurs (up to 30%) or symptoms such as chlorosis and stunting are 
identified (Avendano et al., 2004). In fact, SCN has become such a serious 
problem, that SCN resistant varieties have been developed to mitigate their negative 
effect. These resistant varieties have been the only practical way to reduce SCN 
injury symptoms in infested fields. Typically, farmers rotate crops using SCN 
resistant varieties with different resistance source to prolong effective resistance in 
infested fields in an effort to manage SCN numbers and reduce possible yield loss. It 
has been established that SCN infestation lowers seed yield (Brocade et al., 1994; 
Chen et al., 2001; Gavassoni et al., 2001). Research with SCN clearly shows that 
plants are stressed in infested soils by limiting water and nutrient uptake. Other 
unrelated research indicates that water and nutrient stress can affect seed quality 
(Gibson and Mullent 1996b, Wuebker et al., 2001). Therefore, SCN stress in 
soybeans could be manifested not only by lower seed yields, but also by poorer 
seed quality. However, the impact SCN has on seed quality of soybeans growing on 
SCN infested soils has not been clearly defined. 
The objectives of this study were: (1 } to establish the effect of seed quality 
differences of SCN resistant and non- resistant varieties of soybeans; (2) to study 
the effects of seed moisture content and testing media on the standard germination 
test results; (3) to analyze possible changes in seed composition associated with 
location. 
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Materials and Methods 
Seed s®urce 
The seed lots multiplied in field 1 and 2 for the production of seeds for 
germination testing were selected based on their resistance to SCN (Table 1) Each 
year, two resistant and two susceptible varieties were used in the experiments. 
These seed lots were obtained from Monsanto, Pioneer Hi-Bred International Inc., 
Bo-Jac Seed Company and Stine Seed Company. The samples were kept at the 
Iowa State University Seed Science Center's cold room at 10 °C and 50% relative 
humidity until the planting date. 
Field Planting 
Seeds were planted at Crawfordsville, Iowa in 2002 and at the Iowa State 
University Agronomy Farm in Ames, Iowa in 2005. Specific field characteristics such 
as soil pH, organic matter, and nutrient values were recorded in 2005 (Table 2) but 
were not available for 2002. However, SCN levels were higher in field 1 for both 
years. The plots were planted in a randomized complete block design with 4 blocks 
(replications). Each variety was planted in 4 row plots measuring 5.33 m x 3.05 m 
with 90 cm alleys between plots using an Almaco (Nevada, IA) plot planter. At 
physiological maturity (R7-R8), when seeds were at approximately 0.12g H2O/g of 
fresh weight (fo~v), the center two rows from each plot were harvested with an Almaco 
PMC-20 plot combine. The 2002 seed production plots were planted on June 10 
and harvested ~n October 29. In 2005, the plots were planted on May 31 and 
harvested on October 18. 
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Soil sampling and SCN field infestation 
Fields used for this study were chosen based on soil sampling conducted by 
Iowa State University's Plant Pathology SCN Extension group. Soil core samples 
were taken at planting and 140 days after planting (DAP) using a JMC soil samplers 
(Clements Associates Inc., Newton, IA). Soil cores 0.02 m by 0.2 m deep were 
taken between the center two rows of the plots at a 60 degree angle perpendicular 
to the row in order to capture soil close to the root area of the plants. The soil 
samples were dried prior to separating with asemi-automatic elutriator (University of 
Georgia, Athens, GA) that recovered SCN cysts second stage juveniles (Avedano et 
al., 2004). The cyst recovered were crushed by applying pressure with a rubber 
stopper following a circular motion against a 250 ~m sieve and recovered on a 38 
dam sieve (Faghini and Ferris, 2000). Using the method described in Niblack (1986), 
the eggs were stained for counting. The stained samples were placed below a 
variable power light microscope (Bausch and Lomb, Rochester, NY) and the number 
of eggs and second stage juveniles were recorded at 40x magnification. 
Seed lots for germination testing 
After harvest, seeds were cleaned with a Westrup model LA-BS Laboratory 
belt separator/grader (Westrup, Denmark) to remove shrunken, damaged, split 
seeds, and any foreign material. Seed moisture was measured with a GAC 2000 
Grain Analysis Computer (Dickey-John Corporation, Auburn IL). The seed lots were 
divided into three sub-samples and placed into 20 cm x 30 cm cloth bags (Packco 
inc. Rocky Mount MO) to allow for air and moisture flow through each sample. 
Seeds were equilibrated to the specified seed moisture levels inside the bags. The 
control seed lots were not subjected to moisture treatments. One bag per seed lot 
was dehydrated while the other was hydrated to the desired seed moisture content. 
Seeds were placed at the proper ambient relative humidity according to the 
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information in Table 8.2 in Copeland and McDonald (1995). Seed lots were placed 
on 45 cm x 66 cm x 2.54 cm standard germination fiberglass trays (8 bags per tray) 
in sealed germination chambers. A tray filled with desiccant Anhydrous Calcium 
Sulfate "Drierite" (W. A. Hammond Drierite Company LTD, Xenia, OH) was placed 
within the same carts to remove excess moisture from the air and expedite the 
drying process. The 0.12 g H2O/g of fw moisture treatments were placed into a 
similar chamber with a tray filled with water rather than the desiccant. The RH inside 
the carts was measured and logged with an Onset HOBO model H 14-001 
temperature/relative humidity data logger suspended within the sealed chambers. 
Each lot from each field block was equilibrated at moisture contents of 0.08g ± 
0.005g H2O/g of fw and 0.12g ± 0.005g H2O/g of fw, respectively. After the seed 
samples reached the appropriate seed moisture contents, the samples were stored 
in sealed, double plastic bags to maintain a constant moisture level. The bags were 
stored at a temperature of 10 °C at the Iowa State University Seed Science Center's 
cold room for until seeds were tested for germination. Seed moisture levels were 
corroborated prior to each germination test using the GAC 2000 Grain Analysis 
Computer (Dickey-John Corporation, Auburn IL). 
Germination testing 
The standard germination tests were conducted using two AOSA approved 
substrata: rolled paper towels (T) and crepe cellulose paper (C). For the C test, 100 
seeds from each treatment combination were planted on top of two sheets of crepe 
cellulose paper or Kimpak (Kimberly Clark, Neenah, WI). The Kimpak was placed 
on a standard fiberglass tray (45 cm x 66cm x 2.54cm) and moistened with 840 ml of 
water. Before planting the C tests, the trays were allowed to stand for 1 hour to 
ensure even water distribution through the media. For the T test, 50 seeds from 
each testing combination were placed between 3 towels measuring 60 cm x 30 cm 
(Anchor Paper St. Paul MN) moistened with 2.58 g of water per g of towel. The tests 
were rolled up widthwise into a 30 cm tall "rag doll", placed into a plastic bucket and 
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covered with a plasfic bag to maintain constant moisture within the bucket. Seeds 
prepared for testing were placed in sealed aluminum germination carts. The 
germination of the control seed lots were assessed using the C test. All testing 
carts were place in a controlled 25 °C room with 12 hours of light and 12 hours of 
darkness. After seven days, the germination tests were removed and evaluated 
according to the AOSA Rules for Testing Seeds (2004). The control seed samples 
were tested before the moisture equilibration treatments were applied. 
Seedling growth rate 
Seedling growth rate was conducted with the normal seedlings obtained from 
T germination tests according to AOSA (1983). These measurements were 
performed only for the RT tests because in the C test the seedling's root system 
grows into the media and can not be separated. The root and shoots were divided 
and placed in 10 cm x 20 cm paper envelope (Unisourse, Norcross, GA), and dried 
in a Fisher Scientific 500 series Isotemp Gravity —Convection Oven (Pittsburgh, PA) 
set at a temperature of 85 °C for 3 days. Immediately after the drying period, the 
dried seedlings halves were removed from the envelope, weighed, and data 
recorded. The seedling growth rates were determined by taking total seedling dry 
weight (root +shoot) and dividing it by the number of normal seedlings in the RT. 
Statistical ®esign and Analysis 
For the initial grow out planting, at Crawfordsville, Iowa in 2002 and at the 
Iowa State University Agronomy Farm in Ames, Iowa in 2005 varieties were planted 
in a split plot design. Field was considered the whole plot in the analysis and each 
variety within the field blocks as a subplot. Each field contained 4 blocks. The 
laboratory tests were conducted in a randomized complete block design. All 
treatment combinations were randomized within carts. Tests were repeated twice 
and used as laboratory replication. Each treatment combination consisted of an 
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individual variety/field block and moisture content level (0.08g H2O/g of fw and 0.12g 
H2O/g of fw, respectively) for a total of 64 treatment combinations (4 varieties x 4 
blocks x 2 fields x 2 moisture treatments). The statistical analysis was completed 
using Statistical Analysis Software (SAS) (Cary, NC) using the PROC MIXED and 
PROC GLM methods. SCN egg counts taken from each plot at planting and at 
harvest were used as covariates for the analysis. 
Results and Discussion 
Field S®il sampling 
SCN egg counts were taken in the spring and fall, and used as covariate 
parameters for adjusting level of SCN eggs differences among plots and dependent 
variables (standard germination percentage and yield). Data for these counts are 
shown in Table 3. The spring counts were taken before planting to verify each field 
infestation level, and to account for possible variation in SCN egg populations within 
the field. Spring counts verified that field 2 averaged less than 100 eggs per 100 cc 
of soil, and field 1 averaged over 1800 eggs per 100 cc of soil. These SCN levels 
were statistically different from each other (P <_ 0.05). The fall egg counts were 
taken at the end of the production year. To use the fall egg counts as covariates, 
these values must be independent from the variety and the levels of infestation 
present in each plot. The statistical analysis showed that fall egg counts were 
affected by the treatments (varieties) planted in each plot and, therefore, were 
dependent on the treatment. These results indicated that fall SCN egg counts could 
not be used as covariate because the dependent relationship between egg counts 
and treatments, which violated the principle of independence between covariates 
end treatments necessary in covariate analysis (Steel et. al., 1997). 
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Seed Quality 
The varieties used in the 2002 experiments were different from those used in 
2005. New sources of resistance lead to the development of new varieties, thus, 
older varieties were no longer produced by the seed companies. Therefore, each 
year was analyzed separately. For both years, variety, field, and seed moisture 
content were significant (P < 0.05). 
The comparison among the germination percentage of the different moisture 
treatments showed that, for both years, the germination of seed at 0.12g H2O/g of fw 
were not statistically different (P<_ 0.05) from the control, over all varieties and testing 
medics (Figure 1). The 0.08g H2O/g of fw seed moisture treatments were 
significantly (P<_ 0.05) different than the controls. This suggests that only the 0.08g 
H2O/g of fw seed moisture treatment had an effect on germination. The 0.08g H2O/g 
of fw seed moisture treatment averaged 5% less germination than the 0.12g H2O/g 
of fw seed samples (Figure 1 }. The germination test of these low moisture seeds 
also showed an increase in slow growing seedlings, as well as an increase in 
storage molds (Aspergillus flavus and Aspergillus niger) in the test. Vetucci and 
Leopold (1984) showed that very low moisture content seeds, at or below 0.08g 
H2O/g of fw, lack measurable respiration and enzyme activity. This low respiration 
rate slows stored nutrient mobilization. Damage to cellular membranes by 
dehydration can reduce quality of many types of seeds (Becwar et al., 1982; 
Senartna and McKersie, 1983), especially when seed moisture contents are close or 
below 0.08g H2O/g of fw (Wolk et al., 1989). 
The concept of chilling injury is not a new one. Low moisture seeds exposed 
to low temperatures during imbibition usually show symptoms such as stelar lesions 
on internal seed axis and, consequently, in the elongating hypocotyls of the resulting 
seedlings (Ashworth and Obendorf, 1980). The same symptoms described for 
imbibitional chilling injury were found in the germination tests of the low moisture 
content seed treatment. These results suggest that imbibitional injury can also be 
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present in the standard germination test under ideal temperature, thus, decreasing 
seed viability of low moisture content seed. 
Seed Quality and SCN 
Seed lots produced in field 1 had greater viability than those produced in field 
2, regardless of the seed moisture content (Figure 2). SCN-resistant varieties 
produced seeds of significantly higher quality than susceptible varieties, only when 
grown in field 1 (Table 4). The germination percentage of seeds produced increased 
as the level of infestation of the plot increased. It is assumed that field 1 had more 
plant stress associated with SCN due to the higher number of SCN eggs collected 
(Table 3) and the reduction in seed yield from plants grown in field 1 (Table 5). 
Stressed plants have shown to reallocate photosynthates to maintain the seeds 
(sinks) regardless of the stresses present (Westgate et al., 1989 Smiciklas et al., 
1992). The enhanced seed quality from field 1, as determined by the standard 
germination test, could be due to a more efficient assimilate partitioning during seed 
fill. The SCN stressed plants decrease yields as well as increase shrunken and 
deformed seeds due to reduced root mass and nutrient uptake (Bailey, 2004). In our 
experiments, the abnormal and deformed seeds were removed prior to conducting 
the standard germination test. These types of seeds are also removed from the 
seed lot during the normal cleaning operations conducted by the seed industry. The 
seeds used in our study were uniform in size and weight, which could explain their 
high quality. It is presumed that, while the plants growing in field 1 had lower yields, 
the seeds produced were of higher quality than those produced from field 2. 
Testing Media 
In 2002, testing media as well as the seed moisture X testing media and 
variety x testing media interactions were significant (P < 0.05). Testing media was 
significantly different (P<_ 0.05) in 2002 but not in 2005 (Figure 3). For 2002, the 
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mean comparisons of media x moisture suggested that the germination percentage 
of some varieties was higher when tested in a specific media. Individual seed parts 
imbibe water at different rates due to variability in water potentials within those seed 
parts (McDonald et al., 1988 , Vetucci and Leopold, 1983) Levan et al. (2004) and 
Segebart et al. (2002) suggested that there is variability in the standard germination 
test results of low moisture seed lots possibly due to the differential water uptake by 
the seed in the different media. Visual inspection of the seed lots from 2002 
determined that the seed had some mechanical damage and split seeds, while the 
2005 seed lots did not. These visually damaged seeds were removed during 
conditioning. However, seeds with minute seed coat fractures could remain in the 
seed sample after conditioning. Seed physical damage from improper harvesting 
and handling is a leading cause of loss of germinability, and seed coat integrity is 
vital for proper seed rehydration (McDonald et al., 1988b). Proper distribution of 
moisture around the embryo, cotyledons, and axis during rehydration are essential 
to seed and seedling survival. In 2002, the media used in the test became very 
important because of possible differences in seed coat integrity. By completely 
surrounding the seed, the T tests provided a consistent, uniform water source to all 
areas of the seed. In contrast, the C tests provided more abundant water supply to 
the seed surface immediately in contact with the media. When seed coat integrity is 
maintained as in 2005, testing media have little effect on germination percentage of 
seeds at 0.08 gH2O/g of fw. 
Yield 
The interaction between field and variety was significant (P<_ 0.05) in 2005 but not 
2002. The average yield for each variety is shown in Table 5. The average yield 
reduction in the infested fields was 274.12 g per plot (9.5%) over both years. The 
average yield of varieties planted in field 1 was lower than the same varieties 
planted in the field 2. Although SCN field infestation decrease individual plant yield, 
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it did not affect the quality of those seeds. These results suggested that seed yield 
might have been influenced more by whole field SCN infestation level than plot-to-
plot variation. 
Seed Composition 
The protein content of seeds harvested from field 1 was higher than seeds 
produced in field 2 in 2002, but results were the exact opposite in 2005 (Table 6). 
The difference in protein percentage was significant (P<_ 0.05) in both years. These 
results indicated that the soybean variety influenced the total protein content in the 
seed, however, this change was not consistent. These differences are likely related 
to seed genetics and its interaction with the production environment. 
The oil content of seeds produced in field 1 was consistently higher than 
seeds produced in field 2 over all varieties. These results are similar to those 
reported by other researchers (Martin et al., 1986, Chung et al, 2003). These 
authors reported that seeds produced under water and nutrient stresses (as in SCN-
infested fields) have higher oil content. 
An interaction between field and variety was significant (P_< 0.05) in 2005 and, 
therefore, interaction means are presented in Table 6. Protein composition in 2005 
showed that the SCN resistant varieties had a significantly (P<_ 0.05) lower seed 
protein contents when grown in field 1 versus field 2. Also in 2005, the SCN 
resistant varieties had a significantly (P< 0.05) higher oil content when grown on field 
1 then when grown in field 2. Differences in fields altered seed composition, and oil 
content had a positive response probably associated with the higher level of SCN 
infestation. 
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Seedling► Growth Rate 
Seedling growth rate (SGR) (AOSA, 1983) was used to evaluate differences 
in seed vigor related to seed moisture content, field, and variety. In 2002, field, seed 
moisture content, and the field x seed moisture interaction were significant (P<_ 0.05) 
(Figure 4). In 2005, there were no significant SGR differences among treatments 
(P<_ 0.05). The SGR of seed lots at the drier 0.08 gH2O/g of fw moisture content 
seeds were significantly lower than the higher moisture seeds of the 0.12 gH2O/g of 
fw treatments. The SGR of seed lots at 0.12 gH2O/g of fw produced in field 1 were 
significantly higher than seeds produced in field 2 (Figure 4). 
Seed vigor testing is used to measure seed deterioration or aging due to 
environmental factors in the field and in storage (AOSA, 1983). Seed vigor in our 
study was used to measure differences between seeds produced in the two fields. 
Field 1 produced seed lots with higher vigor than the field 2. Bewely and Black 
(1994) suggest that poor vigor in legume seedlings is due to electrolyte leakage, 
limiting early growth. Poor seed vigor could be due to the higher rate of 
mechanically damaged, cracked seed coats observed in 2002. The greater seed 
vigor of seeds grown in 2005 confirmed this assumption as there was little physical 
damage to the seeds in 2005. The seed vigor of seed lots produced in fields with 
higher SCN egg counts (field 1) was higher if seed moisture content was in the 
normal range (0.12 g HZO/g of fw). 
Conclusion 
Soybeans exposed to environmental stresses caused by drought stress and 
nutrient deficiencies, and SCN infestation typically have lower yields. Relevant in 
this finding is that the seed cleaning procedure used in our study to mimic the seed 
conditioning used in the seed industry, removed the very small, shrunken, and 
shriveled seeds. These discarded seeds could have lowered the seed quality of the 
non-separated seed lot, perhaps resulting in a different conclusion. One might 
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anticipate poorer seed quality from seed harvested from plants associated with fields 
with SCN infestation. However, if typical seed conditioning practices are used, seed 
quality from fields showing stress associated with SCN can be maintained. These 
results suggest that yield reductions associated, in part, to SCN-related stress do not 
necessarily result in poor quality seeds if seeds are sized and cleaned before 
testing . 
In general, seeds produced in fields with higher SCN egg counts (field 1) had 
higher seed oil content. These changes in seed composition were likely associated 
with the genetic background, as the different varieties were affected differently. 
The increased interest in managing SCN has led to an increase in SCN-
resistant cultivars. Our experiments showed that it is possible to produce high quality 
from multiple locations. Resistant cultivars yield better than non-resistant varieties 
when produced in fields with higher SCN egg counts, yet they have similar seed 
quality in fields with low SCN egg count. This differential seed quality could be 
associated, in part, to the increased levels of stress on the plant. 
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Table 1. List of seed companies, experimental year, name of the varieties, and their 
source of resistance to SCN. In some cases, varieties used in experimental year 
2002 were not available in 2005. 
Company Years) Variety Name SCN RESISTANCE 
Monsanto 2002, 2005 AG 3302 NO 
Maverick (division of Bo-Jac) 2005 3344 PI 88788 
Garst Seed Company 2002 3112 PI 88788 
Garst Seed Company 2005 3212 PI 88788 
Pioneer Hi-Bred 2002 93B53 NO 
Pioneer Hi-Bred 2005 93B36 NO 
Wilson Genetics L.L.C. 2002 3344 RR PI 88788 
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Table 2. 2005 Production fields 
Field 1 Field 2 
Soil type Clarion Series Clarion Series 
pH 7.05 6.70 
ppm K (Mehlich ~3) 143 131 
ppm P (Bray) 22 20 
%OM 3.2 3.3 
SCN Eggs (Spring) 1818 81 
SCN Eggs (fall) 8125 750 
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Table 3. Number of SCN egg in 100 cc of soil from 16 core samples taken just 
before planting (PI) and after harvest (PF) in 2005. 
Plot and field Variety PIS` PF'~ Change 
Non-infested 
1 3344 300 100 -200 
2 93636 0 800 800 
3 93836 100 900 800 
4 3212 0 0 0 
5 3302 100 900 800 
6 93636 0 600 600 
7 3302 0 200 ~ 200 
8 3212 0 0 0 
9 3212 100 500 400 
10 3302 100 2700 2600 
11 3344 0 0 0 
12 3344 0 500 500 
13 3344 0 800 800 
14 3302 300 1800 1500 
15 93836 0 1800 1800 
16 3212 300 400 100 
Aves 81.25 750 
Min 0 0 
Max 300 2700 
Infested 
1 3344 2100 3400 1300 
2 93836 800 36300 35500 
3 93636 1500 33000 31500 
4 3212 1500 800 -700 
5 3302 2000 4200 2200 
6 93636 1300 7900 6600 
7 3302 700 14300 13600 
8 3212 1400 1900 500 
9 3212 1400 1100 -300 
10 3302 2900 5700 2800 
11 3344 3800 2500 -1300 
12 3344 4100 4400 300 
13 3344 1200 1200 0 
14 3302 900 9200 8300 
15 93836 1100 3000 1900 
16 3212 2400 1100 -1300 
Aves 1818.75 8125 
Min 700 800 
Max 4100 36300 
*~I = core samples taken before planting; PF =core samples taken after harvest. 
SAve =average infestation from all core samples; Min = minimum number of eggs, and Max = maximum number 
of eggs from all samples for a type of field infestation (non-infested of infested field). 
ISU  Extension IPM 63 SCN Infestation Categories: _Low = 1-2000 eggs 100cc soil-~, Moderate= 2001-12000 
eggs 100cc soil ,High >12000 eggs 100cc soil . 
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Table 4. Interaction means for seed germination percentages of seed from for 2002 
and 2005. 
Year Field Variety Germination 
2002 1 3302 78.68 be *~ 
3344 81.15 ab 
93653 80.81 ab 
3112 82.0 a 
2 3302 74.81 e 
3344 77.75 cd 
93653 75.28 de 
3112 75.43 de 
2005 1 3302 91.81 d 
3344 94.09 ab 
93636 93.81 abc 
3212 95.28 a 
2 3302 92.75 bcd 
3344 90.03 e 
93636 92.25 cd 
3212 93.44 bcd 
** Means within a column followed by the same letter are not significantly different at 
the 0.05 level of probability. 
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Table 5. Interaction means for yield of seed from for 2002 and 2005. 
Year Field Variety Yield 
2002 1 3302 3271.50 a 
3344 2997.50 a 
93853 2790.00 b 
3112 3351.00 a 
2 3302 3749.00 a 
3344 3590.00 a 
93653 3654.50 a 
3112 3307.50 a 
2005 1 3302 2454.89 d 
3344 2590.04 cd 
93636 2655.94 cd 
3212 2753.26 be 
2 3302 2871.44 ab 
3344 2914.79 ab 
93636 3074.34 a 
3212 2566.74 cd 
~* Means within a column followed by the same letters are not significantly different 
at the 0.10 level of probability for that composition component. Note: 2002 and 2005 
are analyzed individually 
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Variety Oil Contents Protein Contents
3302 19 b *~ 36.68 d 
3344 18.75 be 36.72 d 
93653 19 b 35.27 e 
3112 19.75 a 34.23 f 
3302 18.25 c 35.55 e 
3344 18.25 c 35.5 e 
93853 18.75 be 34.28 f 
3112 19 b 33.73 f 
3302 18.35 k 36.63 I 
3344 19.45 g 35.2 n 
93636 19.075 hi 35.8 m 
3212 19.25 gh 34.188 0 
3302 18.43 k 35.825 m 
3344 18.96 i j 35.825 m 
93636 18.7 j 35.9 m 
3212 18.33 k 35.675 m 
** Means within a column followed by the same letters are not significantly different 
at the 0.05 level of probability for that composition component. Note: 2002 and 2005 
are analyzed individually 
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Figure 1. Seed germination percentage for seeds at 0.08g H2O/g of dry weight and 
0.12g H2O/g of dry weight moisture treatments in 2002 and 2005. All varieties and 
germination tests were averaged. Bars labeled with the same letters are not 



























Figure 2. Germination percentages for seeds at O.OSg H2O/g of dry weight and 
0.128 H2O/g of dry weight moisture treatments in 2002 and 2005 for both moisture 
treatments for seeds harvested from field 1 and 2. Bars labeled with the same 
































Figure 3. Seed germination for rolled towel (RT) and Kimpak0 crepe cellulose 
paper (KP) including all varieties. Bars labeled with the same letters are not 
significantly different by LSD at the 0.05 level of probability. 
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Figure 4. Seedling Growth Rate (SGR) for both years showing the interaction of 
field (1 and 2)and moisture (8 - 0.08g H2O/g of dry weight and 12 - 0.12g H2O/g of 
fresh weight) on vigor. Bars labeled with the same letters are not significantly 
different by LSD at the 0.05 level of probability. 2002 and 2005 are analyzed 
individually. 
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CHAPTER 3 IMPROVING THE REPRODUCIBILITY OF 
SOYBEAN (Glycine max. L.) STANDARD GERMINATION 
TESTS 
A paper to be submitted to Crop Science 
Nathan A. Levan, A. Susana Goggi, and Russell Mullen 
Introduction 
Soybean varietal development efforts have focused on improving seed 
composition and evaluating the influence of production environment on seed quality. 
High temperature and drought can influence seed composition, decrease seed size, 
increase mechanical damage, as well as decrease seed moisture at harvest 
(Dornbos and Mullen, 1991; Smiciklas et al., 1992; Gibson and Mullen, 1996a; 
Gibson and Mullen, 1996b). 
Maturation drying and the acquisition of desiccation tolerance are critical 
physiological processes that help orthodox seeds (seeds from species that can be 
stored at low moisture content) survive periods of unfavorable conditions for 
germination. Although warm and dry conditions during harvest are ideal weather 
conditions for these processes to take place, drought can over-dry seeds. Extremely 
dry seeds experience stresses during imbibition which are likely to result in 
imbibitional damage and seedling abnormalities (Senaratna and McKersie, 1983). 
Seed imbibitional injury may cause physical shearing of seed structures, restrictions 
in cellular expansion (Vertucci and Leopold, 1983; Willing and Leopold, 1983) and 
possible delays in critical protein formation during imbibition and early germination 
(Senaratna and McKersie, 1983). Two important factors related to imbibitional injury 
are the temperature and the rate at which water enters the seed. Injury symptoms 
increase in dry seeds exposed to low temperatures during imbibition (vertucci, 1989; 
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Willing and Leopold, 1980). Vertucci and Leopold (1983) showed that the rate of 
water uptake by seed tissues during the initial phase of imbibition is rapid; and the 
rate of water uptake may play an important role in imbibitional injury. 
Water movement into the cells is essential for cell growth and cell expansion 
during seed germination, as well as for other types of plant growth. Seed rate of 
growth and cell expansion are determined by water potential within the seed, the 
hydraulic conductance of the seed tissue, and the water potential of the external 
media (Bradford, 1990). It is well known that oils and proteins, two of the most 
common components in oilseeds, have different affinities for water. McDonald et al. 
(1988b) showed differential water uptake by various parts of the seed, suggesting 
that the embryonic axis has a greater water uptake capacity than other parts of the 
soybean seed. Welbaum and Bradford (1990) found that water movement to seed 
axes and axes growth in muskmelon (Cucumis melo L.) are restricted by the 
perisperm and testa. Wolk et al. (1988) proposed that imbibitional injury in 
Phaseolus vulgaris L. originates from the disruption of cell membranes. Wolk et al. 
(1988) also suggests that several genetic lines handled extreme desiccation (< 0.1 g 
of H2O per g of fresh weight (fw)) differently. While many researchers have focused 
on water uptake characteristics of specific seed tissues, little work has been done on 
the water uptake and inbibitional injury characteristics in relationship to germination 
testing. 
Uniform water uptake from the environment is a critical factor for even 
distribution of water in seed tissues. This concept becomes especially critical when 
attempting to standardize ideal testing conditions for the accurate and simple 
evaluation of seed viability. Water potential of the media in which seeds are imbibed 
can alter germination rates regardless of viability of the seed lot (McDonald et al., 
1988b). Vertucci and Leopold, (1984) reported that water in seeds has moderate 
binding forces when moisture contents are between 0.08 g of H2O per g of fw and 
0.24 g of H2O per g of fw. When seeds are within this moisture content range, 
imbibitional injury to seeds is moderate. However, as moisture content decreases, 
imbibitional injury increases as more water within the seed becomes chemically 
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bound. The type of germination media also can play an important role in seed water 
uptake. In some types of testing media, such as crepe cellulose paper, the seed 
absorbs water primarily from one side, while the other side of the seed is exposed to 
the air. Other types of media, such as rolled towels and crepe cellulose paper 
covered with sand, provide a uniform water supply because the seed is completely 
surrounded by the media. Uniform water uptake by the seed is necessary to avoid 
imbibitional injury in the germination tests. These findings suggest that when dried 
soybeans are tested in different media, results can be different based on the 
differences in water uptake. Seed moisture content and testing media can affect test 
results and should be carefully monitored and controlled (AOSA 1983). If the 
germination test results are inconsistent, seed analysts must retest seed samples in 
order to attain uniform results. Inconsistent test results are especially problematic 
when testing low moisture soybean seed lots. Understanding the relationship of rate 
and uniformity of water uptake to the percentage of abnormal seedlings in a 
germination test is essential to the standardization of seed germination testing 
results. The seed testing community would also benefit from knowing which testing 
media provides a uniform water supply because it would reduce the need for 
retesting. Therefore, the objectives of this study were to: 1) evaluate the interaction 
between seed moisture content, soybean variety, and testing media 2) determine 
the influence of seed composition on the incidence of imbibitional injury 3) assess 
the need for recommending changes to the soybean standard germination test 
protocol (AOSA, 2005) in order to avoid the onset of imbibitional injury when testing 
low moisture content soybean seeds. 
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Materials and Methods 
Seedlots 
Soybean seed lots were obtained from Monsanto, Pioneer Hi-Bred 
International Inc., .and Stine Seed Company and produced in the Midwest. Varieties 
used in this study were selected based on their protein content and maturity group. 
Two varieties, one with high and one with low protein content, from maturity group 0 
to 4 from each company were selected for these experiments. The seed lots were 
produced in 2004 and 2005. Seed sample size was 2 kg. Seed samples were 
cleaned with a Westrup model LA-BS Laboratory belt separator/grader {Westrup, 
Denmark) to remove shrunken, damaged, and split seeds as well as any other 
foreign material. Seed moisture was measured with a GAC 2000 Grain Analysis 
Computer (Dickey-John Corporation, Auburn, IL). The seed lots averaged 0.109 g 
H2O/g of fw. Standard germination tests were conducted in all seed lots prior to 
equilibrating seed to the different seed moisture treatments. 
Seed samples were divided into thirds and placed into 20 cm x 30 cm cloth 
bags (Packco Inc., Rocky Mount, MO) that allowed the flow of air and moisture 
through each bagged sample. Seeds from each variety were equilibrated to three 
moisture contents of 0.07 g, 0.08 g ,and 0.12 g H2O/g of fw inside of the bags. . 
Seed moisture content was equilibrated to the desired level by placing the seed 
sample bags into chambers at the proper ambient relative humidity according to the 
information in Table 8.2 of Copeland and McDonald (1995). Seed lots were placed 
inside the chamber in sealed standard germination carts (Lakeside Manufacturing, 
Milwaukee, WI Model 6550). Samples were placed inside the carts on fiberglass 
food service trays (45 cm x 66 cm x 2.54 cm}. To dehydrate the seed samples, 
three trays with the desiccant Anhydrous Calcium Sulfate "Drierite" (W. A. Hammond 
Drierite Company LTD, Xenia, OH) were placed within the germination carts. Seed 
samples hydrated to 0.12 g H2O/g fw were placed into a germination cart with 
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additional trays filled with water. The RH inside the carts was measured and logged 
using an Onset HOBO model H 14-001 temperature/relative humidity data logger 
(Onset, Bourne, MA) suspended within the germination carts. The carts were 
placed in a controlled temperature room at 10° C and 50% relative humidity (RH). 
The appropriate seed moisture levels were attained in 1 week. After the appropriate 
seed moisture contents had been reached, each seed sample was maintained in 
sealed, double plastic bags stored in a controlled temperature room at 10° C and 
50% RH for the testing period. Seed moisture contents were reaffirmed prior to 
conducting each replication of the germination test using a GAC 2000 Grain Analysis 
Computer (Dickey-John Corporation, Auburn, IL) to ensure that constant seed 
moisture levels were maintained. 
Germination Tests 
Four AOSA (2004) approved soybean standard germination substrata were 
used: rolled paper towels (T), crepe cellulose paper (C), crepe cellulose paper 
covered with sand (CS), and sand germination (S). In the T test, seeds were 
planted between 3 towels measuring 60 cm x 30 cm paper towels (Anchor Paper, St. 
Paul, MN) moistened with 2.58 g of water per g of towel, rolled, secured at one end 
with a rubber band, and placed in a 12-compartment germination bucket covered 
with a clear plastic bag. For the C and CS tests, two sheets of crepe cellulose paper 
or Kimpak (Kimberly Clark, Neenah, WI) were placed on a fiberglass tray (45 cm x 
66 cm x 2.54 cm) and moistened with 840 ml of water. Trays were allowed to stand 
for 1 h before planting the soybean seed samples to allow the even distribution of 
water throughout the media. For the CS test, the same Kimpak sheets moistened 
with 840 ml of water were covered with 1.5 cm of moist, medium-grain sand (0.03 g 
H2O/g of total weight (tw). The S germination tests were conducted in test trays (42 
cm x 60 cm x 6 cm) filled 3 cm of moist, medium-grain sand (0.03 g HZO/g of (tw). 
After planting on this sand base, seeds were covered with an additional 2-cm layer 
of moist, medium-grain sand (0.03 gH2O/g of (tw). Tests were placed inside 
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germination carts, which were then placed into a controlled, 25° C room under a 12-
hour photoperiod. After 4 days, an additional 500 ml of water were added to the S 
trays so the seedlings would not dry out. Seedlings were evaluated after seven 
days. 
Field Grow-outs 
Field grow-outs were conducted at the Iowa State University Research Farm 
located just west of Ames, Iowa and included soils at of the Clarion series {fine-
loamy, mixed, mesic Typic Hapludoll). The field grow out seeds were planted in a 
split-plot design. In the field emergence experiments, the moisture treatments 
{0.07g H2O/g of fw, 0.08g H2O/g of fw and 0.12g H2O/g of fw) were assigned to whole 
plots. Varieties were assigned sub-plots and randomized within whole plots. Each 
sub-plot consisted of 2 rows of 4 meters in length with 25 seeds in each row. Seeds 
were mechanically planted at an average depth of 4 cm using a three point mounted 
Almaco twin row planter (Almaco, Nevada, IA). The 2005 experiments were planted 
on April 18t" and May 31St, and in 2006, they were planted on May 5t" and May 17t" 
Emergence counts were taken when the first trifoliate leaf was present. 
Temperatures, growing degree days, and precipitation for 2005 and 2006 from were 
taken Ap ri 1 15th -May 31St (Table 1) . 
Seed composition analysis 
Seed composition was analyzed at the Iowa State University Grain Quality 
Laboratory by evaluating protein, oil, fiber, and carbohydrate contents standardized 
to seed moisture level of 0.13 g H2O/g of fw. The seed composition test was 
conducted on 400 g of seeds using awhole-grain, near infrared analyzer (Rippke 
and Hurburgh, Jr., 2006). 
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Design and Analysis 
The experimental design for the germination tests was a randomized 
complete block design with all testing combinations replicated 3 times (blocks). A 
block (replication in time) consisted of one hundred seeds for each variety and 
moisture content planted on each testing media. The emergence experiment was, a 
split-plot design where whole plots were moisture treatments (0.07 g H2O/g of fw, 
0.08 g H2O/g of fw and 0.12 g H2O/g of fw) and the sub-plots were varieties 
randomized within whole plots. All data were analyzed using the general linear 
model (GLM) procedure and regressions were calculated using the regression 
(RAG) procedure of Statistical Analysis System (SAS Institute, Inc., 1990). 
The main treatments were year, replication, variety, seed moisture, testing 
media, seed protein content, seed oil content, maturity group, and all of the 
interactions between these treatments. 
All treatments were considered to be fixed effects except for replication and year, 
which were random effects. Year and replications were non significant, thus they 
were pooled into the error term. Varieties were considered nested within maturity 
groups. 
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Results and Discussion 
Variety ar~d Maturity Group 
Seed quality, as indicated by the standard germination test, varied 
significantly among varieties and maturity groups (P<_ 0.05). Standard germination 
results were not significantly affected by year or replication affects. This suggests 
that random effect of year and the replications (testing days) were not different from 
one another. There were varietal germination differences among the seed lots 
associated with their seed genetic background and composition. 
The germination differences observed among seed lots by maturity group are 
represented in Table 2. Earlier maturing varieties (MG 0-2) averaged 4 %higher 
germination rates than later maturing groups (MG 3-4) (Table 2). The variety x 
maturity group interaction was significant (P<_ 0.05). Table 2 shows that genetic 
differences among varieties affected germination rates differently depending on 
maturity groups. For example Var.1 — 9 are from the same company, yet earlier 
maturing varieties (1-5) have means that are significantly higher than later maturing 
varieties (6-9). Those earlier maturity groups averaged a 6% higher germination rate 
than the later maturing varieties. The differences in standard germination tests 
among varieties, maturity groups, and their interaction is not surprising but is difficult 
to narrow the possible reasons for these differences under the limitations of this 
st~idy. The genetic differences, along with differences in environments where seeds 
were produced could have influenced seed composition (Dornbos and Mullen 1991, 
Gibson and Mullen 1996a, Gibson and Mullen 1996b), and thus altered seed 
germination. Most importantly these results indicate that using standard germination 
test to determine seed quality assessments is subject to the variation of the varieties 
and maturity groups that the test itself attempts to evaluate. Another important factor 
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to consider is that varieties could show a differential response to seed moisture 
treatments and media, seed composition, factors that are considered in the 
upcoming sections. 
Seed Moisture Content and Testing Media 
The media used in the germination test resulted in significantly different (P<_ 
0.05) germination percentages. The moisture content of the seed also significantly 
(P<_ 0.05) affected germination. The differences in the standard germination test 
observed among media and seed moisture levels were not influenced differently by 
varieties, and maturity groups, as indicated by non-significant interactions (P<_ 0.05). 
These results indicated that changes in media and moisture contents affect all 
varieties in the same manner. Many studies (Senaratna and McKersie, 1983; 
Vertucci and Leopold, 1987; McDonald et al., 1988a; McDonald, 1988b) support this 
finding and suggest that changes in seed moisture content as well as the 
environment in which seeds are imbibing moisture affect germination. 
Germination tests of the control samples were perFormed on all seed lots prior 
to the application of the seed moisture treatments. The control samples were tests 
using crepe cellulose paper (C) test and the initial moisture content of the seed lots 
ranged from 0.109 gH2O/g of fw to 0.115 gH2O/g of fw. The mean germination 
percentages of the controls were compared with the germination of seeds at 
different moisture contents. Only the 0.07 gH2O/g fw moisture treatment was 
significantly different from the control (data not shown). Vertucci and Leopold (1984) 
stated that reducing the moisture content using desiccation chambers can reduce 
seed aging, while high relative humidity and heat will actually increase aging 
(TeKrony and Egli, 1977). These results affirm that the methods used to apply the 
treatment in higher moisture seed lots did not significantly alter seed viability. These 
findings highlight that the desiccation treatment did not significantly affect the 
germination of seed lots at 0.08 gH2O/g fw. Thus, the reduction in the seed quality 
of seed lots at 0.07 g HZO/g fw is likely to be caused by imbibitional injury (Figure 1). 
47 
There was greater variability in test results when using the sand (S) test than 
with any other testing media. Even though water was added to the tests after 4-
days, tests dried out in the 7-day testing period and seedling growth was affected as 
a result of the experimental protocol. Thus, the germination results from this testing 
media were omitted from the analysis. Therefore, only the data from C, T and CS 
germination tests were used in the overall analysis of the experiments. 
Seed moisture content, testing media and the interaction of these two terms 
were significant at the (F'<_ 0.05) level. The significant interaction suggested that, as 
seed moisture decreases, the type of media used to test a seed lot becomes critical. 
Very low seed moisture contents 0.07 g H2O/g fw seed lots reached maximum 
germination percentage (AOSA, 2004) when planted in a media that provided 
uniform moisture to the seeds (Table 3). Seeds germinated in CS attained the 
highest germination percentages at all moisture contents. The germination of seeds 
on C was not different from the control if moisture content was 0.08 g H2O/g of fw 
and 0.12 g H2O/g fw. However, seeds at 0.07 g H2O/g fw seed moisture germinated 
lowest in this media. Vertucci and Leopold (1983) showed that low moisture content 
seeds have reduced rates of water uptake. Different parts of soybean seed have 
differential water absorption and, water absorbed by low moisture contents seed will 
be differentially absorbed by those seed parts (McDonald et al., 1988b). This 
differential water absorption can lead to physical damage and imbibitional injury. 
Therefore, the lower the seed moisture content of the seed tested, the more 
important it is to have a testing media that provides water uniformly to those seeds. 
Seed Composition 
Seed protein and oil were both significantly (P<_ 0.0001) affected germination. 
There were no significant interactions between seed composition components and 
media. Varieties used in these experiments were selected on the basis of protein 
and oil content, thus a difference in composition was expected. A protein by oil 
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interaction was not observed thus seed protein and oil content independently 
influenced seed germination. 
The protein and oil contents of the seed lots are continuous variables. The 
seed moisture x seed composition interaction was not significant at the (P<_ 0.05) 
level again suggesting that each independently affect germination. The higher the 
protein content, the lower the germination percentage (Figure 2). 
Growth and germination proteins are formed during the natural process of 
acquisition of desiccation tolerance. These proteins transcribed during seed filling 
and maturation, typically aid in future seed metabolism once water is imbibed and 
during germination (Bewely and Black, 1994). This increase in protein alters the 
water potential of the cotyledons and axis due to the inherent hydrophilic nature of 
proteins. Proteins such as the group 2 LEA or dehydrins increase tolerance to 
dehydration stresses and are active in forming structures that allow seeds to survive 
desiccation (Soulages et al., 2003). At very low moisture content, water remaining in 
the seeds is typically in a solid, structurally amorphous (glassy) state. This bound 
water retains fluid functions and protects the seed during storage. Furthermore, 
water interaction with lipids and proteins within cells often change the structural 
properties of this aqueous glassy intracellular water (Leprince and Walters-Vertucci, 
1995). The decrease in germination of low moisture seeds with higher proteins 
could be a result of water entering the embryonic tissues quickly and causing 
physical damage (Vertucci and Leopold, 1983; Willing and Leopold, 1983). 
Typically, seed oil and protein content are inversely related (Gibson and 
Mullen, 1996a; Gibson and Mullen, 1996b). However, in our study the lines with the 
highest protein content did not always have the lowest oil contents, but instead, had 
moderate oil contents. The same was true for oil content. The seeds with the 
highest oil content typically had a moderate level of protein. 
Walters and Engels (1998) showed that when lipid concentrations in 
mungbean and beet seeds increased, the seed moisture content necessary for long 
term storage also increased. Increasing oil contents increases the hydrophobic 
nature of seeds and creates a buffer against rapid water uptake (Vertucci and 
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Leopold, 1987). As seed oil content increased, germination decreased (Figure 3). 
Munamava et al., (2004) showed that increasing oil content in maize seed reduced 
germination. Vitrification and glass formation slows the water needed for chemical 
reactions and enzyme functions within seeds causing hysteresis in metabolism 
(Leprince and Walters-Ve~tucci, 1995). The reduction in germination for both high nil 
and high protein contents could be a result of both differential water distribution and 
slower metabolic reactions. 
Emergence 
Field emergence of seed lots with different seed moisture contents was 
similar for both years and both early and normal planting dates (dada not shown). 
Seed emergence percentage was significantly different from each of the laboratory 
test (P<_ 0.001) percentages suggesting that none of the laboratory tests predict 
emergence. This could be due to damping off from pathogens such as Pythium. 
The emergence data are consistent with previous research and over estimation of 
seedling emergence is a well known problem with standard germination testing 
(McDonald, 1998). However, moisture content did not significantly alter field 
emergence suggesting that imbibitional injury in soybeans is a phenomenon 
observed in the laboratory. 
Conclusion 
Differences in soybean varieties, seed composition and the seed production 
environment will have a direct effect on seed germination tests. The testing media 
used had a strong impact on the germination percentage of low moisture seed lots. 
However, lower moisture content in seeds did not affect field emergence. Thus, 
imbibitional injury appears to be most applicable to performance of low moisture 
seed lots in the laboratory, which is also a probable factor limiting strong correlations 
of laboratory seed testing to field emergence commonly reported. To obtain 
50 
consistent test results in low moisture content soybean, seed analysts should use a 
testing media that can provide uniform distribution of water to the imbibing seeds. 
An increase in protein alters the water potential of the cotyledons and axis 
due to the inherent hydrophilic nature of proteins. The reduction in germination 
percentage of high protein seed lots could be the result of water entering the 
embryonic tissues quickly and causing physical damage via shearing forces. 
An increase in seed oil content also reduces germination and seedling performance, 
possibly due to the role of oil properties in water uptake patterns of seeds. Changes 
in specific proteins and oils within seeds may play important roles in imbibitional 
injury tolerance at low seed moisture content. With the increased interest in 
marketing seeds with increased oil and protein, changes in soybean cultivars are 
inevitable. Being able to accurately evaluate seed germination will be crucial 
regardless of seed composition and other genetic differences. Seed analysts must 
consider soybean seed composition and seed moisture, and their interaction with 
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Table 1. Precipitation, maximum and minimum temperatures in degrees Celsius 
(°C), and growing degree days (GDD) for Ames, Iowa in 2005 and 2006 
April 15- May 16-
Year Parameter 30 May 1-15 31 Total 
2005 Precip (mm) a 15 17 30 62 
Temp. Max (°C) b 26.28 27.71 27.65 
Temp. Min (°C) ~ -1.12 -0.762 3.03 
GDD d 62.08 70.935 109.825 242.83 
2006 Precip (mm) 35 28 30 93 
Temp. Max (°C) 27.72 24.05 32.80 
Temp. Min (°C) 0.95 0.57 8.90 
GDD 70.535 59.915 161.79 292.24 
a Precip. (mm) -Precipitation in millimeters 
b ~"emp. Max. (°C) -average maxmium temperature in ° C 
c Temp. Min (°C) -average minimum temperature in ° C 
d GDD -growing degree days in degrees Celcius = [( minimum temp +maximum 
temp)/2] — 10 °C 
Temps only used if Temp max is _<30°C, if Temp. max > 30° C than 
Temp max = 30° C 
Temps only used if Temp min is >_10°C, if Temp. min < 10° C than 
Temp min = 10° C 
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Table 2. Interaction mean germination percentage for maturity groups and varieties 
over all years and testing medics. 






94.60 1 95.62 ab 
27 95.51 ab 
18 95.38 ab 
20 94.31 abcde 
2 92.33 defg 
93.12 3 95.04 abc 
4 94.64 a bcd e 
17 93.16 bcdef 
26 93.16 bcdef 
16 92.59 cdefg 
32 90.21 ghi 
93.27 11 96.02 a 
19 95.02 abcd 
5 94.33 abcde 
25 93.42 abcdef 
31 92.20 efg 
6 88.62 hij 
89.13 14 94.01 abcde 
12 92.56 cdefg 
29 87.47 ij 
8 87.13 jk 
24 84.51 jkl 
86.79 15 90.78 fgh 
22 90.24 g h i 
9 87.62 bcdef 
10 83.76 Im 
13 81.51 m 
Means within a column followed by the same letters are not significantly different at 
P<_0.05 
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Table 3. Media vs moisture content germination means for crepe cellulose paper 
(C), rolled towels (T), and crepe cellulose paper covered with sand (CS). 
Media 
 Germination  
Moisture Content C T CS 
7 87.53 e 89.71 d 92.71 b 
8 91.97 be 91.23 c 92.89 ab 
12 92.1 be 91.57 be 94.23 a 
















92.22 ab 92.56 a 92.25 ab 








Figure 1. Seed germination percentage for seeds at (7)0.07g H2O/g of fresh weight 
(fw), (8) 0.08g H2O/g of (fw) and (12) 0.12g H2O/g of (fw) moisture treatments for 
both years combined over all germination tests. Bars labeled with the same letters 
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Figure 2. Germination vs seed protein content. Regressions were made by all 























~ ~ ~ 
~' y = -0.2x + 95.002 
I 1 6 ~ 
16.9 18 20 21.2 
o Total 
-Linear  (Total) 
Figure 3. Germination vs seed oil content. Regressions were made by all moisture 
contents and media. Oil was significant at the P<_ 0.0001 level of probability 
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CHAPTER 4 GENERAL CONCLUSIONS 
Our experiments showed that it is possible to produce high quality seeds in 
fields associated with SCN infestation as long as seeds are cleaned and 
conditioned. Resistant cultivars yield better than non-resistant varieties when 
produced in environments with higher SCN stress, yet they have similar seed 
quality. 
A difference in soybean variety, seed composition, and the environment 
where seeds are produced, have a direct effect on the seed germination tests. The 
testing media used has a strong impact on the germination percentage of low 
moisture seed lots. However, low moisture content does not affect field emergence. 
Thus, for the conditions of our experiments, imbibitional injury only affected low 
moisture seed lots in the laboratory. To obtain consistent test results in low moisture 
content soybean, seed analysts should use a testing media that can provides a 
uniform distribution of water to the imbibing seeds. 
An increase in protein alters the water potential of the cotyledons and axis 
due to the inherent hydrophilic nature of proteins. The reduction in germination 
percentage of high protein, low moisture seed lots could be the result of water 
entering the embryonic tissues quickly and causing physical damage via shearing 
forces. Changes in specific proteins and oils in seeds may play important roles in 
imbibitional injury tolerance at low seed moisture content. 
With the interest in marketing seeds with increased oil and protein growing, 
changes in soybean cultivars are inevitable. Being able to accurately evaluate seed 
germination is crucial regardless of seed composition and other genetic differences. 
Seed analysts must consider soybean seed composition and seed moisture, and 
their interaction with testing media to avoid inconsistent test results. Rolled paper 
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towels and crepe cellulose paper with sand are the best media for evaluating 
standard germination test of very low seed moisture content soybeans. 
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APPENDIX. ANOVA TABLES 
Anal ysi s of variance Tables fo r germination percentages and 
yi el d fo r Chapte r 2 
2002 Germination Tests 
Source DF Type III SS Mean Square F Value Pr > F 
var 3 253.328125 84.442708 2.64 0.0501 
Field 1 1501.562500 1501.562500 47.00 <.0001 
var-~Field 3 102.906250 34.302083 1.07 0.3610 
Moisture 1 5681.390625 5681.390625 177.85 <.0001 
var~Moisture 3 238.078125 79.359375 2.48 0.0616 
Field~Moisture 1 18.062500 18.062500 0.57 0.4529 
var~~Field~Moisture 3 45.781250 15.260417 0.48 0.6981 
Test 1 3844.000000 3844.000000 120.33 <.0001 
var~Test 3 340.531250 113.510417 3.55 0.0152 
Field~Test 1 17.015625 17.015625 0.53 0.4663 
varJFieldJ~Test 3 28.515625 9.505208 0.30 0.8272 
Moisture~Test 1 1849.000000 1849.000000 57.88 <.0001 
var'~Moisture~Test 3 28.031250 9.343750 0.29 0.8308 
Fie1d~~Moisture'Test 1 62.015625 62.015625 1.94 0.1649 
var' Fi el d' Moi st~~Test 3 15.015625 5.005208 0.16 0.9253 
2005 Germination Tests 
Source DF Type III SS Mean Square F Value Pr > F 
var 3 205.7714015 68.5904672 6.15 0.0005 
Field 1 170.3303640 170.3303640 15.27 0.0001 
var~Field 3 200.9297843 66.9765948 6.01 0.0006 
Moisture 1 278.9579656 278.9579656 25.01 <.0001 
var~~Moisture 3 75.7145271 25.2381757 2.26 0.0820 
Field~Moisture 1 4.6812064 4.681.2064 0.42 0.5177 
varJ~ Fi el d ~'~Moi stu re 3 42.1089386 14.0363129 1.26 0.2894 
Test 1 4.7587585 4.7587585 0.43 0.5143 
var~Test 3 21.6987012 7.2329004 0.65 0.5846 
Field~Test 1 0.0944869 0.0944869 0.01 0.9267 
varJField~~Test 3 17.3392798 5.7797599 0.52 0.6701 
Moisture~Test 1 6.4435949 6.4435949 0.58 0.4480 
varJ~Moisture~Test 3 2.7995914 0.9331971 0.08 0.9689 
Field~'Moisture~~Test 1 6.6772421 6.6772421 0.60 0.4399 
var~~Fi el d~~Moi st~rTest 3 22.2301057 7.4100352 0.66 0.5747 
2002 SCN YIELD DATA 
Source DF Type III SS Mean Square F Value Pr > F 
var 3 180398.7500 60132.9167 0.29 0.8306 
Field 1 893970.2500 893970.2500 4.33 0.0709 
var~~Field 3 434344.7500 144781.5833 0.70 0.5770 
2005 SCN YIELD DATA 
Source DF Type III SS Mean Square F value Pr > F 
var 3 224198.7156 74732.9052 2.23 0.1108 
Field 1 473539.6562 473539.6562 14.12 0.0010 
var~~Field 3 504109.8146 168036.6049 5.01 0.0077 
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Anal ysi s of variance Tables fo r germination percentages fo r 
Chapter 3 _ 
SEED QUALITY Variety, Moisture and Media Testing 
Source DF Type III SS Mean Square F Value Pr > F 
var(MG) 26 18550.85034 713.49424 30.33 <.0001 
moisture 2 2093.39440 1046.69720 44.49 <.0001 
var~moisture(MG) 52 1316.44067 25.31617 1.08 0.3342 
media 2 1508.06399 754.03199 32.05 <.0001 
var~rmedia(MG) 52 1287.61879 24.76190 1.05 0.3758 
moisture media 4 891.44301 222.86075 9.47 <.0001 
var~~moisture~=media(MG) 104 1707.77225 16.42089 0.70 0.9895 
SEED QUALITY Protein Analysis 
source DF Type III SS Mean Square F Value Pr > F 
protein 1 978.0825413 978.0825413 26.36 <.0001 
moisture 2 116.1249033 58.0624516 1.56 0.2095 
protein~~moisture 2 163.3260474 81.6630237 2.20 0.1111 
media 2 12.3595187 6.1797594 0.17 0.8466 
protein media 2 26.4292680 13.2146340 0.36 0.7004 
moisture media 4 118.9569839 29.7392460 0.80 0.5242 
protein~~moisture~rmedia 4 148.6940930 37.1735233 1.00 0.4054 
SEED QUALITY Oil Analysis 
Source DF Type III SS Mean Square F Value Pr > F 
oil 1 3095.114704 3095.114704 87.36 <.0001 
moisture 2 10.418555 5.209278 0.15 0.8633 
oil„moisture 2 10.013493 5.006746 0.14 0.8682 
media 2 94.674198 47.337099 1.34 0.2633 
oil~rmedia 2 135.196897 67.598449 1.91 0.1488 
moisture media 4 129.466226 32.366556 0.91 0.4552 
oil-moisture~'media 4 93.506094 23.376524 0.66 0.6200 
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